Abstract The α7 neuronal nicotinic acetylcholine receptor (nAChR) displays the highest calcium permeability among the different subtypes of nAChRs expressed in the mammalian brain and can impact cellular events including neurotransmitter release, second messenger cascades, cell survival, and apoptosis. The selectivity for cations in nAChRs is thought to be achieved in part by anionic residues which are located on either side of the channel mouth and increase relative cationic concentration. Mutagenesis studies have improved our understanding of the role of the second transmembrane domain and the intracellular loop of the channel in ion selectivity. However, little is known about the influence that the extracellular domain (ECD) plays in ion permeation. In the α7 nAChR, it has been found that the ECD contains a ring of ten aspartates (two per subunit) that is believed to face the lumen of the pore and could attract cations for permeation. Using mutagenesis and a combination of electrophysiology and imaging techniques, we tested the possible involvement of these aspartate residues in the calcium permeability of the rat α7 nAChR. We found that one of these residues (the aspartate at position 44) appears to be essential since mutating it to alanine resulted in a decrease in amplitude for both whole cell and single-channel responses and in the complete disappearance of detectable calcium changes in most cells, which indicates that the ECD of the α7 nAChR plays a key role in calcium permeation.
Introduction
Neuronal nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels that play a major role in synaptic transmission in the nervous system. These receptors are pentameric complexes formed by combinations of α2-10 and β2-4 subunits, of which only the α7 and α9 subunits can form functional homopentamers. Each subunit contains a large N-terminal extracellular domain (ECD), which contains the ligand-binding site, followed by four transmembrane domains (M1-4), a large intracellular loop, and a short extracellular C terminus. The interactions between the five M2 domains from the various subunits contribute to the formation of the cation-selective channel pore [1] .
The two most common subtypes of nAChRs expressed in the brain, and particularly in the hippocampus, are composed of the α7 and α4β2 subtypes [22] . The subunit composition dictates channel function, and α7 receptors display a lower agonist affinity for the endogenous ligand acetylcholine (ACh), higher calcium permeability, and faster desensitization kinetics than α4β2 nAChRs. The α7 nAChRs display the highest calcium permeability among the nAChR expressed in the brain [5, 11] , allowing them to play an important role in cellular events such as neurotransmitter release [34] , second messenger cascades [33] , cell survival [37] , and apoptosis [3] . They have also been implicated in neurodegenerative diseases such as Alzheimer's and Parkinson's diseases, and schizophrenia [30] .
The selectivity for cations in nAChRs is thought to be achieved in part by anionic residues located on either side of the channel mouth, which stabilizes and increases the relative ionic concentration [44] . Mutagenesis studies looking at the M2 domain and the intracellular loop of the channel have uncovered key residues involved in channel selectivity and permeation [7] . For example, when three residues in the M2 domain of the α7 nAChR were mutated, they converted this cation-selective channel into an anion-selective one [17] .
However, little is known about the influence that the ECD plays in ion permeation. In the α7 nAChR, it has been found that the ECD contains a ring of ten aspartates (two per subunit) that is believed to face the lumen of the pore, and which could concentrate cations for permeation [24] . Muscle nAChRs only have five aspartate residues in this region and display a lower calcium permeability than α7 nAChRs [24] . Therefore, we tested the possible involvement of these residues in the calcium permeability of the rat α7 nAChR. We found that one of these residues (the aspartate at position 44) appears to be essential; mutating it to alanine resulted in a decrease in amplitude for both whole cell and single channel responses, and the complete disappearance of detectable calcium changes in 87 % of the cells tested. This indicates that the ECD of α7 nAChRs plays a key role in calcium permeation.
Materials and methods

Hippocampal neuronal primary cultures
Primary hippocampal cultures were chosen for their reliability and the ease of expression of α7 nAChR, we have tried other expression systems, but α7 nAChR does not express as readily and there is too much variability. Primary cultures were prepared as previously reported [6] . Briefly, hippocampi from embryonic day 18 rats were mechanically dissociated after treatment for 30 min at 37°C with 0.05 % Trypsin EDTA (Gibco, Grand Island, NY). Cells were plated in neurobasal medium (Gibco, Grand Island, NY) supplemented with 10 % fetal bovine serum (FBS; Hyclone, Logan UT) and 1 % Glutamax (Gibco, Grand Island, NY) at 3,500/mm 2 in polyd-lysine-coated (Sigma, St. Louis, MO) coverslips and grown in a humidified atmosphere of 5 % CO 2 at 37°C. Half the media was replaced 24 h after plating and every 72 h thereafter with neurobasal media in which FBS was substituted with 2 % B27(Gibco, Grand Island, NY). Hippocampal neurons were transfected at day in vitro 4 (DIV4) with Ric-3 (enhances the functional expression of α7 nicotinic acetylcholine receptors [23] ), GCaMP3 and either wild-type (WT) or mutated α7 nAChR, using calcium phosphate. Cells were analyzed 24-72 hours after transfection. The timeframe of expression and analysis was chosen to minimize the contribution of endogenous channels which have been shown to require longer than 7 DIV to express in culture [2] .
Measurement of ACh-evoked currents
Coverslips containing transfected neurons were transferred to a chamber containing: 165 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 10 mM glucose, 5 mM HEPES, 1 μM atropine (Sigma, St. Louis, MO), and 0.3 μM TTX (Tocris, Bristol, UK); pH was adjusted to 7.3 with NaOH. Bath solution was perfused continuously through the chamber (1 mL volume) at 2 mL/ min throughout the experiments. Neurons were visualized using a Nikon Eclipse TE300 microscope equipped for fluorescence detection. Borosilicate patch pipettes (3-6 MΩ) were filled with 120 mM CsCl, 2 mM MgCl 2 , 0.5 mM EGTA, and 10 mM HEPES; pH was adjusted to 7.3 with CsOH.
Currents were recorded at −70 mV. Experiments were performed at room temperature (22°C). Recordings were done using an Axopatch-200A amplifier connected to a Digidata 1322A and software (pCLAMP v. 10.1) from Axon Instruments. Whole cell currents were filtered at 1 kHz and digitized at 10 kHz with an output gain of 1. ACh was applied using a synthetic quartz perfusion tube (0.7 mm, i.d.) operated by a computer-controlled valve (AutoMate Scientific, Berkeley, CA). Two-second applications of 1 mM ACh were analyzed using Clampfit 10.
Outside-out patch-recording currents were filtered at 2 kHz and digitized at 10 kHz with an output gain of 20. Four-second applications of 100 μM ACh were analyzed using Clampfit 10. Estimation of the single channel amplitudes was done by using all-points histograms that were fitted with Gaussian distributions.
Dose-response measurements were done by applying different concentrations of ACh for 2 s followed by a 30-s wash. We have shown previously that recovery from desensitization takes about 10 s [6] . The concentrations used were 50 μM, 100 μM, 300 μM, and 1 mM ACh. To construct the dose-response curve, the responses were first normalized to the response of 1 mM ACh and fitted using a log (agonist) vs normalized response with a variable slope equation on Graph Pad Prism 5.
Reversal potentials were measured using a step protocol in which the cells were allowed to equilibrate to the different voltages (−80 to +40 mV) for 1 min followed by a 4-s preapplication of 10 μM N -(5-chloro-2,4-dimethoxyphenyl)-N9-(5-methyl-3-isoxazolyl)-urea (PNU-120596) followed by a 2-s application of 1 mM ACh. Peak currents were normalized to the response at −80 mV and fitted using a linear regression with Graph Pad Prism 5.
The relative Ca permeability (P Ca /P Na ) was calculated using the GHK equation [32] , respectively):
[32] All data are plotted as mean ± SEM and was analyzed using Prism 5 (Graph Pad, La Jolla, CA).
Changes in calcium concentration due to the application of ACh were assessed using fluorescence imaging and GCaMP3. GCaMP3 has been shown to have very good signal to noise ratio, protein stability, sensitivity, and fast kinetics [39] . Furthermore, the use of GCaMP3 as our calcium indicator facilitated easy identification of the cells that were transfected, by looking at the basal fluorescence. Combining fluorescence microscopy and electrophysiology has been used previously to study the calcium permeability of nAChRs using different calcium indicators [13, 15] . Images were captured with a Luca R camera (Andor) using a Nikon Eclipse TE300 microscope equipped with fluorescence detection. The Andor iQ imaging program was used to capture, store and later analyze the changes in fluorescence intensity; 2×2 image binning was used to increase the signal to noise ratio and time resolution (10 frames/s). The level of intracellular free calcium was expressed as the ratio of peak fluorescence over the basal fluorescence (ΔF /F ) [13, 15] .
Results
Effects of mutations in the ECD on α7 nAChR channel function
The crystal structure from a chimera composed of the ECD of the human α7 nAChR and the acetylcholine-binding protein (AChBP) uncovered the existence of inter-subunit interactions between a lysine residue (Lys 44) and an aspartate residue (Asp 40) from contiguous subunits. These residues are believed to face the lumen of the pore, and the presence of another aspartate (Asp 42) residue in this region is believed to contribute to the formation of a strong negative potential that could play a role attracting cations and increasing their permeability through the channel (see [24] for location and structural organization of this region). To study the possible involvement of these residues in the calcium permeability of the α7 nAChR, we created mutants in which these charged residues were replaced with alanine (A) at the homologous sites of the rat α7 nAChR; Asp 42 (D42A), Asp 44 (D44A), and Lys 46 (K46A; homologous to D40, D42, and K44 in human α7 nAChR).
Cultured hippocampal neurons coexpressing GCaMP3, Ric3 and either WT or mutated rat α7 nAChR, were exposed to a 2-s rapid application of ACh (1 mM) at a holding potential of −70 mV; this resulted in the activation of a fast inward current that desensitized completely in the continued presence of agonist. Acetylcholine-evoked responses in WT displayed a mean amplitude of −1,321±113 pA, with a desensitization half-time of 42±3 ms (Fig. 1) . As reported previously, the onset of desensitization was biphasic [22] ; the fast component (τ fast = 29 ± 2 ms) comprised 77 ± 2 %, while the slow component (τ slow =384±32 ms) comprised 11±1 % of the total desensitization (Fig. 1b) .
All of the α7 nAChR mutants tested in this study were able to form functional channels, however the characteristics of the responses varied. The current amplitude of the D44A mutant was significantly decreased (−467±34 vs −1,321±113 pA for WT), whereas there was no significant difference in amplitude for either the D42A or K46A mutants (Fig. 1a) . Interestingly, the desensitization half-time was not affected in the D44A mutant (43±3 vs 42±3 ms for WT) but was significantly increased for both the D42A and K46A mutants (62±10 and 85±4 ms, respectively) (Fig. 1b) . The fast desensitization time constant for the K46A was 58±4 ms, which was significantly slower than WT (τ fast =29±2 ms). In addition there was a significant increase in the slow component of desensitization for the K46A mutant (24 ± 2 vs 11 ± 1 % for WT), accompanied by a significant decrease in the fast component (68±2 vs 77±2 % for WT). These data indicate that the K46A mutant desensitizes at a significantly slower rate than WT receptors. For the D44A mutant, while neither half-time nor time constants of desensitization were different from the WT receptors, there was a significant increase in the fast component of desensitization (85±2 vs 77±2 % for WT) and a significant decrease in the slow component of desensitization (5±1 vs 11±1 % for WT) (Fig. 1b) .
As the residues mutated in this study were located in the ECD of the α7 nAChR, which contains the ligand-binding site, we tested whether the potency of the α7 nAChR for ACh was affected. Dose-response curves were constructed and indicated that all mutants displayed a small decrease in agonist affinity when compared with WT receptors (EC 50 =109 μM, log EC 50 =2.04±0.03, and hill slope=1.67±0.20); D42A (EC 50 = 142 μM, log EC 50 =2.15±0.02, and hill slope=1.78±0.17; p = 0.034); D44A (EC 50 =153 μM, log EC 50 =2.19±0.03, and hill slope=1.69±0.18; p =0.007); K46A (EC 50 =145 μM, log EC 50 = 2.16 ± 0.03, and hill slope = 1.80 ± 0.19; p =0.025) (Fig. 1c) .
Mutations to the ECD of the α7 nAChR reduce calcium permeability
The ion selectivity filter of the nAChR has been studied extensively using site directed mutagenesis to identify the contribution of different residues to ion conductance and selectivity. Thus far the results suggest that rings of negatively charged amino acids within the pore lining M2 domain are the main determinant of nAChR's ionic permeability [7, 14] .
The α7 nAChR is the most prevalent hippocampal nAChR subtype with the highest calcium permeability among native nAChRs [5] . Residues in the M2 transmembrane region of this receptor have been shown to be critical for calcium permeability. For example, the E237A mutation in the chick α7 nAChR abolishes calcium permeability without significantly affecting other channel properties [4] . However, little is known about the possible involvement of the ECD of the α7 nAChR to ionic permeability. Therefore, we decided to look at the effect of the mutations described above on calcium permeability by using simultaneous recordings of transmembrane currents and fluorescence calcium transients [13, 15] .
Calcium entry into the cells was monitored by measuring the fluorescence changes using a digital camera and the genetically encoded calcium indicator, GCaMP3. To compare the relative calcium permeability during the activation of WT and mutated α7 nAChRs, we plotted the peak increase in fluorescence change (ΔF/F; which is indicative of increases in cytoplasmic calcium levels) versus the integrated membrane current (charge (Q); Fig. 2a ). The slope of this line Fig. 1 Effects of mutations to the ECD on α7 nAChR channel function. Hippocampal neurons coexpressing Ric3, GCaMP3, and either WT or mutated α7 nAChR were subjected to a 2-s application of 1 mM ACh. a Representative responses to ACh application in WT (n =62), D42A (n =42), D44A (n =34), and K46A (n =36) mutants. Mean amplitude was significantly reduced for the D44A mutant (insert). b D42A and K46A mutants displayed slower desensitization half-times. Desensitization time constants (τ) were calculated using Clampfit and fitted with a two exponential equation. K46A mutation results in an increase in the fast desensitization time constant (τ fast =58±4 vs 29±2 ms in WT). Interestingly, K46A and D44A had opposite effects on the ratio of fast and slow desensitization. c Neurons were subjected to consecutive 2 s applications of 50 μM, 100 μM, 300 μM, and 1 mM ACh. Responses were normalized to the response to 1 mM ACh. Dose-response curves were constructed from WT (n =9), D42A (n =9), D44A (n = 11), and K46A (n =11) mutants and compared using Graph Pad Prism 5. All Plots show mean± SEM and were subjected to a oneway ANOVA analysis; ***p < 0.0001; *p <0.05. c Log EC 50 was compared using a Log (agonist) versus normalized response with variable slope fit in Graph Pad Prism 5; *p <0.05 for either the K46A or D42A mutant was not significantly different from WT (Fig. 2b) . Interestingly, the D44A mutant shows a complete lack of calcium permeability (i.e. detectable calcium responses) in 87 % of the cells tested (27 of 31 cells show no change in fluorescence, while the other four show a detectable change). As the amplitude of current responses for the D44A mutant was significantly smaller than for WT receptors, we compared the ratio of the calcium response to Fig. 2 Mutations to the ECD of α7 nAChR reduce calcium permeability. Hippocampal neurons coexpressing Ric3, GCaMP3, and either WT or mutated α7 nAChR were subjected to a 2-s application of 1 mM ACh and assessed for both their electrophysiological and fluorescence responses. Changes in intracellular calcium concentration were assessed using fluorescence imaging and GCaMP3. a The level of intracellular free calcium (expressed as the ratio of peak fluorescence over the basal fluorescence (ΔF/F)) is proportional to the integrated membrane current (charge, Q), which is estimated as the area under the current trace. b The plot of the intracellular free calcium and the integrated current yields a near linear relationship (shown is WT and D44A actual data; and the linear regression for WT (n =56; R val =0.4759), D42A (n =34; R val = 0.05222), D44A (n =31; R val =0.006528), and K46A (n =33; R val = 0.2147)). c, d
The reversal potential (V rev ) was measured using external solutions containing 2 and 20 mM Ca 2+ for WT and D44A mutant, using a 4-s pre-application of 10 μM PNU-120596 and a 2-s application of 1 mM ACh. c The current-voltage relationship of WT α7 nAChR showed an V rev of −1.1 (n =6; R val =0.9901) and 15 mV (n =8; R val = 0.9915) at 2 and 20 mM Ca 2+ , respectively. d The current-voltage relationship of the D44A mutant α7 nAChR showed an V rev of 5.6 (n = 8; R val =0.9959) and 12.2 mV (n =7; R val =0.9547) at 2 and 20 mM Ca 2+ , respectively. To calculate the V rev , peak currents were normalized to the response at −80 mV and fitted using a linear regression with Graph Pad Prism 5. All data are plotted as mean±SEM charge (F/Q ratio) and found that differences still persisted for the D44A mutant, but neither the K46A nor D42A mutants (data not shown). This suggests that the aspartate at position 44 is critical for calcium permeability of the α7 nAChRs.
Although there is a clear reduction in the GCaMP3 fluorescence caused by the D44A mutant, to confirm this potential reduction in calcium permeability, we determined the reversal potential (V rev ) for WT and D44A mutant α7 nAChRs at different calcium concentrations (2 and 20 mM Ca 2+ ), and used the change in V rev to calculate the permeability ratios (P Ca /P Na ). For these experiments, it was necessary to use the α7-positive allosteric modulator PNU-120596 to potentiate the responses for the D44A mutant; these responses were significantly smaller than WT, which made it extremely difficult to accurately measure response amplitudes near the V rev. PNU-120596 has been previously shown to reduce the inward rectification without affecting the divalent cation permeability [29] . Consistent with a reduction in the calcium permeability for the D44A mutant, the shift in V rev (ΔV rev ) determined by fitting the I-V curves was 16.1 mV for WT (Fig. 2c ) and 6.6 mV for the D44A mutant α7 nAChRs (Fig. 2d) , which corresponded to a 64 % reduction in the relative calcium permeability (P Ca /P Na ) for the D44A mutant versus WT α7 nAChR.
Mutations to the ECD of the α7 nAChR affect single-channel behavior Calcium ions have been shown to have a high affinity and influence the conductance of muscle nAChRs [10] ; however, it is unclear if there is any correlation between the calcium permeability and conductance of neuronal nAChRs. Therefore, we investigated what effects these ECD mutations have on the single channel behavior of α7 nAChRs in outside-out membrane patches that were exposed to a 4 s rapid application of ACh (100 μM) at a holding potential of −70 mV.
For neurons expressing WT α7 nAChRs, agonist application evoked single channel activity that appears as isolated brief openings with a mean open time of 0.32 ms and a mean amplitude of −4.0 pA (Fig. 3a, c,  d ). Mutations to the Lys 46 and the Asp 42 residues showed no significant differences in either mean open time (0.32±0.01, 0.38±0.01, and 0.34±0.01 ms for WT, D42A, and K46A, respectively), or mean amplitude (−4.0 ± 0.05, −3.7 ± 0.05, and 4.5 ± 0.05 pA for WT, D42A, and K46A, respectively) (Fig. 3b) . However the D44A mutant displayed significantly longer mean open times (0.81±0.03 ms; Fig. 3c ) and significantly reduced mean amplitudes (−2.5±0.02 vs −4.0±0.05 pA for WT) (Fig. 3c, d ), indicating that this residue is crucial for both gating and the calcium permeability of the α7 nAChR.
Discussion
Much recent evidence clearly indicates that the α7 nAChRs are involved in regulating synaptic excitability, plasticity, and learning and memory processes in the hippocampus [18, 19, 40] .This role may in part be due to the high calcium permeability of this receptor and increases in cytoplasmic calcium levels, which can impact many cellular events including neurotransmitter release, second messenger cascades, cell survival and apoptosis. While much evidence indicates that key residues in the M2 domain and the intracellular loop of the channel are involved in cationic selectivity and permeation [7, 17] , including the glutamate at residue 237 of the α7 nAChR that when mutated to alanine abolishes calcium permeability of this receptor [4] , little is known about the influence that the ECD plays in ion permeation. Recently, the α7 nAChRs have emerged as potential targets in the treatment of many neurological disorders, such as Parkinson's and Alzheimer's diseases, and schizophrenia, and even for chemotherapy-induced cognitive impairments [15, 21, 31, 41] . Furthermore, it has been shown that α7 nAChRs are expressed in macrophages where they play a key role in the cholinergic anti-inflammatory pathway [45] , and they have proven to be an effective target in the treatment of sepsis, myocardial ischemia, and rheumatoid arthritis [30] . There is a critical need for improving our understanding of the structure-function relationship of α7 nAChRs to improve our chances of successfully targeting them for therapeutic purposes, as well as understanding their role in regulating synaptic excitability and plasticity.
In a recent study, looking at the crystal structure of the ECD of the α7 nAChR by creating a chimera with AChBP, Li et al. [24] found intersubunit electrostatic interactions involving the lysine at position 44 and the aspartate at position 40 of the human α7 nAChR. Furthermore, these residues are specific for certain neuronal nAChRs. In combination with another aspartate at position 42, these residues create a negative potential that faces the lumen of the pore, which Li et al. [24] suggested could impact the ionic permeability of the α7 nAChR. We investigated the involvement of these residues in the calcium permeability of the α7 nAChR using mutagenesis to replace these charged residues with an uncharged alanine residue. We found that mutating the aspartate residue at position 44 of the rat α7 nAChR (which corresponds to residue 42 in the human receptor) dramatically reduced the calcium permeability of the α7 nAChR, resulting in a significant reduction in the shift in V rev (ΔV rev ) on a high vs low calcium solution (16.1 vs 6.6 mV in WT and D44A mutant respectively), and the complete lack of apparent calcium permeability (measured as a lack of change in GCaMP3 fluorescence levels) in 87 % of the cells tested. Mutating either the Asp 42 or Lys 46 residues had no significant effect on calcium permeability, although the K46A mutant affected the desensitization kinetics. As Asp 42 was found to form an electrostatic interaction with Lys 46 from the adjacent subunit, this interaction either hinders the ability of Asp 42 to interact with calcium ions, or instead this interaction may be necessary for the normal function of the α7 nAChR as the ligand-binding domain of nAChRs establishes a major communication link with the pore domain [24] . Interestingly, two aspartate residues in the ECD of the 5-HT 3 A receptor were shown through mutagenesis to influence calcium permeability, supporting the idea that the ECD plays an important role in the ionic permeability of ligand gated ion channels [25] .
The influx of calcium ions through the α7 nAChRs has implications for regulating various signal transduction cascades and synaptic plasticity [9, 14] . Recently, we found that properly-timed endogenous ACh release can induce LTP via activation of α7 nAChRs (in either acute or cultured hippocampal slices [18, 19] , and this was dependent on the prolongation of the NMDAR-mediated calcium transients in CA1 pyramidal neuron spines; this may in part have been due to calcium influx through the α7 nAChRs. Increases in cytoplasmic calcium levels through the α7 nAChRs have been shown to activate CaMK and MAPK pathways, leading to the activation of CREB and gene expression [20] , and downregulates GABA A receptor-induced currents via calcium-dependent cascades [43, 46] . Furthermore, we and others have shown that the activation of the α7 nAChRs on astrocytes in the hippocampus increases cytoplasmic calcium levels [33, 36, 42] . This might be significant since α7 nAChRs are thought to be participating in various mechanisms of Fig. 3 Mutations to the ECD of α7 nAChR affect single-channel behavior. Hippocampal neurons coexpressing Ric3, GCaMP3, and either WT or mutated α7 nAChR were subjected to a 4-s application of 100 μM ACh. a, b Single-channel traces from WT and D44A using the outside-out configuration. c All points histogram of amplitudes of the single channel current from WT (five patches), D42A (six patches), D44A (five patches), and K46A (ten patches). The mean amplitudes were calculated using a single exponential Gaussian fit and compared using Graph Pad Prism 5. d Mean open times were compared in WT and D44A mutant patches. Plots show mean±SEM and were subjected to a t test analysis; ***p <0.0001 neuroprotection [12, 28, 35] , perhaps via the calcium-dependent phosphatase calcineurin [8, 38] . The prolonged or excessive activation of α7 receptors can also lead to calcium overload and excitotoxicity [16, 26, 27] . Therefore, the spatiotemporal dynamics of cytoplasmic calcium levels, and how they are regulated by nAChRs, will be critical in understanding the effects that calcium influx is having on synaptic excitability and plasticity, as well as neuroprotection and excitotoxicity.
In conclusion, we have shown that the aspartate at residue 44 of the rat α7 nAChR appears to be critical for calcium permeability, which indicates that the ECD of the α7 nAChR plays a key role in calcium permeation. Furthermore, this provides an experimental tool to probe what impact calcium influx through the α7 nAChR has on synaptic excitation and plasticity, as well as in neuroprotection.
